Abstract. The half-Heusler compounds CeBiPt and LaBiPt are semimetals with very low charge-carrier concentrations as evidenced by Shubnikov-de Haas (SdH) and Hall-effect measurements. Neutron-scattering results reveal a simple antiferromagnetic structure in CeBiPt below T N = 1.15 K. The band structure of CeBiPt sensitively depends on temperature, magnetic field and stoichiometry. Above a certain, sample-dependent, threshold field (B > 25 T), the SdH signal disappears and the Hall coefficient reduces significantly. These effects are absent in the non-4f compound LaBiPt. Electronic-band-structure calculations can well explain the observed behaviour by a 4f-polarization-induced Fermi-surface modification.
Introduction
The electronic band structure is known to be a rather robust property of the metallic state. In particular, external magnetic fields usually cannot modify the Fermi surface of metals. This is easily plausible from the different typical energy scales involved, which are in the eV range for the Fermi energy and some meV for the Zeeman energy even at the pulsed magnetic fields in the 50 T range applied here. Therefore, for an ordinary Fermi liquid in the paramagnetic metallic state changes of the Fermi-surface topology caused by external fields-also called Lifshitz transitions [1] -may be disregarded. Equally unusual is a noticeable modification of the Fermi-surface area with temperature.
Here, we report on electrical-transport measurements of CeBiPt which exactly reveal these unexpected features. Clear Fermi-surface changes can be observed as a function of temperature and magnetic field. The absence of any unusual field and temperature-dependent band-structure modifications in the homologous non-4f compound LaBiPt proves the Ce 4f electrons as the major cause for the peculiarities in the metallic state of CeBiPt. Although in both semimetals, the experimentally determined Fermi energies are comparably small (about 25 meV for CeBiPt), the conventional Zeeman energy (∼6 meV at 50 T) cannot account for the observations. Only by identifying the polarization of the 4f moments by the external magnetic field, band-structure calculations are able to disclose the Fermi-surface changes as a magneticfield-induced Lifshitz transition [2] . Measurements of a sample with probably slightly different stoichiometry prove that the size of the observed effects sensitively depends on the exact density of states at the Fermi level.
The ternary intermetallic compounds RBiPt (R is a rare-earth metal) show a rich variety of ground-state properties, ranging from superconductivity (for R = La) over antiferromagnetic order (R = Ce) and small-gap semiconducting behaviour (R = Nd) to the super-heavy-fermion metal YbBiPt, that shows a linear specific-heat coefficient of 8 J mol −1 K −2 [3, 4] . The RBiPt compounds have the cubic MgAgAs crystal structure, also called half-Heusler structure (figure 1). The lattice constants reduce from 6.87 Å (for R = La) to 6.59 Å (Lu) in the series [3] . After some early ambiguities, neutron-diffraction experiments on YbBiPt [5] as well as total-energy calculations using relativistic band-structure calculations [6] have revealed that Pt resides at the (0, 0, 0) position, i.e. the only site having two neighbour atoms along the [1 1 1] direction because the (1/2, 1/2, 1/2) site is empty. 
Experimental
All investigated samples were prepared at Hiroshima University. The single crystals were grown by use of the Bridgman technique in hermetically sealed Mo crucibles from the starting materials Ce (m5N, Ames Laboratory), Bi (m5N), Pt (m3N) and La (m4N). To avoid oxidation of elemental Ce or La during handling, CePt or LaPt was first prepared by argon-arc melting and the appropriate amount of Bi was then added. For the CeBiPt crystals, an excess amount of about 40% Bi was added. The crucible, sealed under Ar atmosphere, was heated to 1350
• C with an intermediate halt at 500
• C for 2 h. After 12 h, it was slowly cooled by moving it out of the central zone of the furnace with 1 mm h −1 . Whether the 1-1-1 compounds or 3-4-3 compounds like Ce 3 Bi 4 Pt 3 are formed in the Bi flux depends very sensitively on the excess amount of Bi.
Neutron-diffraction experiments were performed on 9 g CeBiPt powder using the diffractometer E6 at the Hahn-Meitner-Institut (HMI), Berlin, with a neutron wavelength λ = 2.444 Å as well as on the diffractometer D23 at the ILL/Grenoble using a CeBiPt single crystal with dimensions of about 3 × 3 × 3 mm 3 with a neutron wavelength λ = 1.276 Å in the temperature range T = 30 mK − 2 K.
The electrical-transport measurements were performed at the High Magnetic Field Laboratory at Dresden (HLD) in pulsed fields up to about 50 T. For the transport measurements up to six 40 µm gold wires were attached to the samples with graphite paste. The samples themselves were tightly glued to the sample holders with IMI7031 varnish. AC currents up to 1 mA with frequencies between 10 and 50 kHz were applied for about 80 ms just before and during the field pulse. The reliability of the data was checked for different currents and frequencies. The best signal-to-noise ratios were found on the falling side of the field pulses. In the following, only the data of these down sweeps are shown. Uncertainties of the geometry factors result in error bars of about 20% in the absolute resistivities. Since small misalignments of the contacts are unavoidable, the longitudinal and transverse (Hall) resistances in most cases were extracted from positive and negative field pulses applied successively at each temperature. The overall agreement between the pulsed-field and earlier static-field data [2, 7] is excellent.
Results and discussion

Neutron scattering
As evidenced by specific-heat and magnetization measurements, our CeBiPt samples order antiferromagnetically at about 1.1 K [8] . This is somewhat at odds with an earlier report of an ordering temperature of 2.5 K [3] . In order to investigate the magnetic order closer, a neutron-diffraction experiment was performed on about 9 g CeBiPt powder at the HMI Berlin. Powder-diffraction patterns were recorded at several temperatures below and above T N = 1.15 K. Figure 2 displays the diffraction pattern of CeBiPt up to 2 = 70
• taken at 0.45 and 1.5 K together with the difference pattern. However, although helium was used as exchange gas in the sample container to improve the thermal coupling, the powder decoupled thermally below ≈0.6 K (see figure 3 (closed symbols)). No further increase in the ordered moment could be observed. In accordance with the mentioned thermodynamic measurements no magnetic intensity has been detected at 1.5 K. The crystal structure is confirmed to be cubic with a lattice constant a = 6.793(4) Å at T = 1.5 K. Two nuclear peaks (marked by '?') originate from an impurity phase and do not belong to the CeBiPt structure. This impurity phase was observed only for the CeBiPt powder which seems to oxidize quite rapidly in air. It should be mentioned that no deterioration of the CeBiPt single crystals used for the electrical-transport measurements was observed over many years (see below). Magnetic intensity can hardly be seen directly in the powder-diffraction data taken at nominal T = 0.45 K. However, the difference pattern clearly shows magnetic peaks. They can be easily indexed and indicate that the antiferromagnetic structure is a type-I structure with a propagation vector τ = (1 0 0) and moments also along [1 0 0].
To study the temperature dependence of the antiferromagnetic order in detail, single-crystal neutron diffraction was carried out on the diffractometer D23 at the ILL/Grenoble. Since the magnetic (1 1 0) reflection was spoiled, due to a considerable amount of λ/2 contamination in the incident neutron beam on D23, the clearly resolvable magnetic (2 2 1) reflection was analysed instead. The results are plotted in figure 3 by open symbols. The Néel temperature was determined to T N = 1.15 K in good agreement with the thermodynamic measurements [8] . The ordered moment m was extracted from the data via the relation I ∝ m 2 where I denotes the magnetic intensity. However, a direct determination of the absolute value of the ordered moment from the single-crystal measurements was hampered by strong extinction effects due to the large crystal size and the high crystallographic symmetry. Therefore, these measurements only yield the normalized ordered moment m/m 0 which was scaled to match the powder measurements in the region of overlap. At lowest temperature, this analysis reveals an ordered magnetic moment m 0 = 0.6µ B at the Ce site that is somewhat smaller than the value expected for the 8 quartet ground state, the reason of which is not clear yet. Surprisingly, the entire temperature variation of the magnetic intensity is well described by a Brillouin function with J = 5/2 (solid line in figure 3) which is expected within a mean-field approach. Consequently, the neutron-scattering data indicate that around T N , the usually expected critical fluctuations are weak for CeBiPt.
Electrical transport
The pulsed-field measurements of the longitudinal and transverse resistivities presented below were done well in the paramagnetic state at temperatures above T N . Furthermore, as specific-heat data have shown, even at low temperatures antiferromagnetic order is suppressed completely at applied magnetic fields above 1.5 T [8] . Figure 4 shows the magnetoresistance of CeBiPt for selected temperatures between 1.8 and 20 K and with the magnetic field applied along [1 0 0]. The pulsed-field data agree very well with the static-field data measured some years earlier and reported previously [7] . The initial decrease of the resistivity, ρ, reflects most probably antiferromagnetic fluctuations above T N in the paramagnetic state as evident from its absence at 20 K. This shows that, contrary to the small fluctuation effects observed by neutron scattering, the electronic transport is strongly influenced by these fluctuations at low magnetic fields and temperatures. Up to about 25 T, the well-known Shubnikov-de Haas (SdH) oscillations can be resolved at lower temperatures. The unusual effect here is, however, the temperature-dependent change of the SdH frequency, F , as has been observed for the static-field data as well [7] . As can be seen from the Fourier spectra shown in the inset of figure 4, F reduces from about 55 T at 1.8 K to 33 T at 12 K.
The anomalous T dependence of F is found only for field along the [1 0 0] and the equivalent [0 1 0] directions where F is found to be about 60 T for T → 0 ( figure 5(b) ). As shown by SdH data obtained in static fields using a rotatable sample holder [7] , F is constant at 30 T and furthermore independent of T between approximately = 20
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• , where is the angle from the [ [100]
[110]
[010]
[100]
[111]
[110] where F is independent of T , we find m c ≈ 0.3 m e . These low effective masses as well as specific-heat results, that only can give an upper limit for the electronic contribution (less than 25 µJ mol
, clearly show that the Kondo effect giving rise to heavy-fermion behaviour in many other Ce-based metals obviously plays a negligible role for CeBiPt.
Besides the unusual temperature-dependent SdH frequency, another important observation is the vanishing of the oscillating signal above about 25 T and the prominent increase of the resistance above this field (figure 4). In another pulsed-field experiment, it was shown that the resistance increase can be followed up to 60 T and that the SdH oscillations vanish, independent of sample orientation in field [10] . This contrasts with the mentioned temperature-dependent change of the Fermi surface that occurs only for fields aligned within about 15
• along the main cubic lattice vector.
Further information on this field-induced band-structure modification is obtained from a study where the longitudinal and the transverse resistances were measured simultaneously in pulsed fields [2] . As shown in figure 6 , these measurements reproduced well the previous ρ data It is instructive to analyse the simultaneously measured Hall signal shown in figure 6 as well. The data clearly reveal a change of slope of the transverse resistance matching the field range where the SdH signal vanishes. In the present sample, this effect was found to be temperature independent between 1.8 and 10 K. The average Hall coefficient, R H = ρ xy /B, decreases by about 28% at highest fields (difference in the slopes of the two dashed lines in figure 6 ). In a simple one-band picture, the linear regression of the low-field (B 22 T) Hall data results in a hole-like charge-carrier concentration of n low h = (R H e) −1 = 7.2(3) × 10 17 cm −3 , whereas at high fields (B 38 T) it increases to n high h = 9.2(3) × 10 17 cm −3 . Our data, therefore, show clear evidence for a field-induced change of the electronic band structure in the paramagnetic state of CeBiPt. The low-field data are in line with earlier [7] as well as more recent band-structure calculations (see below) [2] . The SdH results thereby correspond to a predicted hole-like Fermi surface. From the experimental side, a detailed analysis of the high-field Fermi-surface topology from our data is excluded due to the lack of any detectable SdH signal at these fields.
It was mentioned above that the temperature-dependent Fermi-surface change is absent for the homologous non-4f compound LaBiPt. Consequently, pulsed-field experiments were performed with both longitudinal and transverse components of the resistance being measured simultaneously. As shown in figure 7 , for LaBiPt neither the longitudinal resistance nor the Hall effect reveal any deviation from a well-behaved metal. The SdH oscillations persist up to the highest fields with temperature-independent frequency and, most remarkably, the slope of the transverse signal remains-except for small SdH traces-constant yielding a field-independent Hall coefficient. Accordingly, in the single-band picture, the charge-carrier concentration in LaBiPt remains at n h = 4.2(2) × 10 18 cm −3 . The Fourier transformation of the ρ data between 10 and 50 T (inset of figure 7) shows two peaks, one at about 80 T and the second at about 120 T. This is very well in line with the results from a relativistic band-structure calculation predicting two slightly different hole Fermi surfaces [6] . This leads to the beat pattern of the SdH signal directly visible in ρ(B). The further predicted two sets of very small electron surfaces [6] cannot be resolved in the experiment. The effective cyclotron masses, extracted from the temperature dependence of the SdH-oscillation amplitudes, are m c1 = 0.20(2) for the SdH orbit with 80 T frequency and m c2 = 0.24(4) for the 120 T orbit. Again, this is in excellent agreement with the theoretical predictions [6] .
From our experimental results, it is obvious that the Ce 4f moments play the major role in the temperature and field-dependent peculiarities observed in CeBiPt. Without 4f electrons, as in LaBiPt, the Fermi surface remains stable as expected for an ordinary metal. It was suggested that the temperature-dependent change of the Fermi surface in CeBiPt might be caused by a partial hybridization of the 4f electrons [7] . This was motivated by band-structure calculations which result in largely different Fermi surfaces for either localized or itinerant 4f electrons. A possible explanation for the observed features in large applied magnetic fields, therefore, would be that with increasing magnetic field, the f electrons become decoupled from the delocalized electrons. A field-dependent decrease of the 4f hybridization is well known from Ce-based heavyfermion compounds, such as CeCu 6 and CeB 6 [11] . However, as noted already, in contrast to these materials the Kondo effect plays no significant role in CeBiPt.
In order to check the above scenario, the magnetization of CeBiPt was measured in pulsed fields [2] . If the f electrons would lose their itinerant character at high magnetic fields, one would expect a feature, i.e., some increase, in the magnetization at ∼25 T. There is, however, no sign of any unusual feature in the magnetization at 25 T [2] . We therefore exclude a field-induced decoupling of the f electrons from the itinerant charge carriers. Alternatively, we assume that the f electrons are localized already in the ground state, in line with the very small observed Sommerfeld coefficient of the specific heat. In this scenario, a field dependence of the band structure via exchange coupling with field-polarized 4f states may explain the measured anomalies.
Band-structure calculations
For RBiPt, realistic band structures can only be obtained when spin-orbit coupling is included, i.e., when relativistic band-structure calculations are performed. Only then are both LaBiPt and CeBiPt found to be semimetals, otherwise semiconducting behaviour results [6, 7] . In first calculations for CeBiPt, assuming localized 4f states, two small hole-like Fermi surfaces are found around , with a cross-section similar to that measured [7] . The predicted very small electron-like pockets seem to be too small to be experimentally observable. When itinerant 4f electrons are assumed, the Fermi-surface topology changes completely, i.e., a complicated multi-connected Fermi-surface monster would result that is entirely at odds with experiment. We later recalculated [2] the zero-field band structure of CeBiPt using a recent [12] , highprecision four-component relativistic version of the full-potential local-orbital (FPLO) code [13] . The Perdew-Zunger parametrization of the exchange-correlation potential in the local spindensity approximation (LSDA) was used. A basis set of optimized local orbitals with 5s, 5p, 6s, 6p and 5d states for Ce, Bi and Pt, respectively, was used. The Ce 4f states were not included in the valence basis and localized by use of a confining potential. A spherically averaged 4f charge and spin density was assumed in this so-called open-core approach (surveyed in [14] ). Self-consistent calculations were performed with 8000 k points in the full Brillouin zone and 2000 Fourier components per atom for the Ewald-potential representation. Up to two million k points in the full Brillouin zone were used for the precise calculation of the Fermi surface and band structure.
The resulting band-structure ( figure 8 ) is very similar to that published earlier [7] , but the semi-metallic character is yet more prominent with almost vanishing Fermi surfaces (see also the enlargement of the bands close to E F in figure 9 ). The experimentally observed hole-pocket areas can be matched if the Fermi level is shifted by 20 meV to lower energy (indicated by the dotted line in figure 9 ). This shift corresponds to a tiny change of the valence-electron number, N/N ≈ 10 −5 . Such an uncertainty might be caused by a minute off-stoichiometry of the samples below the limit of detectability.
In the energy region shown, strongly hybridized Ce 5d, Bi 6p and Pt 5d orbitals with admixtures of Pt 6p and Ce 6p states form the bands. The amount of Ce 5d character in the bands is indicated by the thickness of the lines in figure 8. Close to E F (±0.5 eV), the Ce 5d orbitals have the largest weight in the bands. Intra-atomic exchange splits the Ce 5d levels when the Ce 4f electron is polarized. Consequently, the bands close to the centre of the Brillouin zone which contribute to the Fermi surface are sensitive to a polarization of the Ce 4f electron in an external field.
This 4f polarization, induced by the applied external magnetic field, has been taken into account for the band-structure calculation by use of a partly spin-polarized 4f density in the opencore approach. The resulting exchange-split Ce-5d bands are shown in figures 9(b)-(d) and (f)-(h). The 4f spin polarization is gradually enhanced from compensated spin densities (figures 9(a) and (e)) to a field-saturated paramagnet, i.e., to a completely polarized 4f state (figures 9(d) and (h)). With increasing 4f polarization, the electronic bands are split correspondingly in a Zeeman-like fashion into four equidistant levels. The lowest of the four levels crosses the Fermi level before the 4f moment is saturated. This is a transition from a two-band to a one-band situation which necessarily yields a change of the effective number of charge carriers. The second-lowest band has a characteristic minimum along the line which crosses the shifted Fermi level for a 4f spin moment of about 0.8 µ B , so that the corresponding extremal orbit of the Fermi surface separates into smaller sheets with frequencies 20 T which would explain the peculiarities of the SdH signal above 25 T. Figure 10 shows the dependence of the DOS at the shifted Fermi level (E F −20 meV) on the degree of 4f polarization. At a polarization of about 0.6 µ B , the lower of the two hole pockets vanishes, and a related van Hove singularity moves through the shifted Fermi level. The shape of this singularity is indicative of a strongly reduced dispersion close to the top of the band. This is in accordance with the flattening of the Zeeman-split bands at the Fermi energy with increasing exchange polarization ( figure 9 ). The analysis shows that the anomalies can be classified as being caused by a magnetic-field-induced Lifshitz transition [1] .
It lies in the very nature of such topological transitions that extreme care has to be taken concerning the resolution of small features in k-space. The calculations related to figure 10, therefore, were done with a fine sampling mesh of 128 3 k points in the Brillouin zone. Within the above scenario, the field-induced band-structure modification should depend sensitively on the exact stoichiometry of the investigated samples, which determines the Fermilevel position. Furthermore, the 4f polarization should depend on the temperature. That is, at higher temperatures the Lifshitz transition should be shifted to higher magnetic fields. In earlier experiments [2] we only gathered data for temperatures below 10 K. Therefore, in order to test these assumptions additional pulsed-field measurements up to higher temperatures were performed on a second CeBiPt crystal out of the same batch as the previously measured one.
The main features of the longitudinal and transverse resistances for this second sample (figure 11) confirm the results presented above. In contrast to the earlier findings, however, only a very small temperature dependence of the SdH frequency is found as can be seen from the oscillating signal ρ shown in the inset of figure 11 . F reduces from about 54 T at 3.9 K to 50 T at 10 K. Compared to SdH frequencies of 46 and 35 T respectively, as measured for the other crystal, the relative change in F is much smaller and, even more remarkably, the Fermi-surface crosssection is considerably enlarged. This points to a stronger shift of the Fermi level in the second CeBiPt sample that might be related to a larger, but still small, off-stoichiometry. In line with this higher SdH frequency and a possible larger Fermi-level shift, the SdH oscillations persist to much higher magnetic fields and the slope change of the Hall signal is much smaller (only about 10% as visualized by the dotted lines in figure 11 ). Again, the magnetic field where the strong increase of the longitudinal resistance occurs (at about 35 T for T = 3.9 K), coincides with the decrease of R H . In accordance with expectation, this transition moves to higher magnetic fields at higher temperatures and the Hall signal becomes more and more linear with field ( figure 11 ). It is, however, fair to say that for the second sample somewhat higher magnetic fields would be necessary to verify the transition unambiguously.
Conclusion
We presented neutron-scattering data on CeBiPt that revealed a simple commensurable antiferromagnetic structure below the Néel temperature of 1.15 K. Strong localized magnetic Ce moments are detected, although part of the expected moment for a 8 ground state is missing. Electrical-transport measurements in the paramagnetic state show a remarkable field-induced modification of the electronic band-structure in CeBiPt. Above a certain threshold field the SdH signal disappears and the Hall coefficient changes clearly. These effects are found to be sample and temperature dependent. The absence of any unusual behaviour in electrical-transport data for the non-4f compound LaBiPt proves the relevance of the magnetic 4f states for the observed features. Relativistic band-structure calculations taking into account the spin polarization of the 4f states can very well explain the experimental results and indicate that the realized band-structure change can be classified as a magnetic-field-induced Lifshitz transition.
